With the particle content of the 27 representation of E 6 , a skew left-right supersymmetric gauge model was proposed many years ago, with a variety of interesting phenomenological implications. The neutrino sector of this model offers a natural framework for obtaining small Majorana masses for ν e , ν µ , and ν τ , with the added bonus of accommodating 2 light sterile neutrinos.
With the advent of superstring theory [1] , it was recognized early on [2] that the gauge symmetry E 6 may be relevant for discussing low-energy particle physics phenomenology [3] .
There are two ideas: (1) the particle content of the Minimal Supersymmetric Standard Model (MSSM) may be extended to include all particles contained in the fundamental 27 representation of E 6 ; and (2) the standard-model gauge group may be extended as well. The most actively pursued such approach [4, 5] is to add an extra U(1).
A very different and unique alternative was proposed many years ago [6] , which considers instead an unconventional SU(3) C × SU(2) L × SU(2) R × U(1) decomposition of the 27 representation of E 6 , resulting in a variety of interesting phenomenological implications.
Among these are the natural absence of flavor-changing neutral currents at tree level [6] despite the presence of SU(2) R , the possibility of breaking SU(2) R at or below the TeV scale with only Higgs doublets and bidoublets [7] without conflicting with present phenomenology, and the appearance of an effective two-doublet Higgs sector different [8] from that of the MSSM, with the interesting (and currently very relevant) property that the tree-level upper bound of the lightest neutral Higgs-boson mass is raised from M Z in the MSSM to √ 2M W in this case.
Two possible deviations from the standard model have recently been observed. One is a new determination of the weak charge of atomic cesium [9] . The other is a new analysis of the hadronic peak cross section at the Z resonance [10] . Based on these data, it has now been shown [11] that the model of Ref. [6] is in fact the most favored of all known gauge extensions of the standard model. This paper deals with another aspect of this remarkable model, i.e. that of its neutrinos.
In the original proposal [6] , neutrino masses were assumed to be zero for simplicity. [Recall that in 1986, neutrino oscillations were not clearly established.] However, such is not an essential feature of this model. It is in fact more natural that ν e , ν µ , and ν τ acquire small Majorana masses through the usual sesaw mechanism [12] , and that 2 light sterile neutrinos are accommodated in this model, resulting in a number of exotic phenomena which may be tested in future experiments.
The skew E 6 left-right model is based on the observation that there are two ways of identifying the standard-model content of the 27 representation of E 6 . Written in its [SO(10), 
. In this scenario, the particle assignments are as follows.
where the convention is that all fields are considered left-handed.
The notion of R parity is an important ingredient of this construction. The usual quarks 
it is allowed to have a nonzero Majorana mass which is presumably large [13] . [In U (1) extensions of the MSSM within the context of E 6 , the requirement that N transform trivially [14] to be a particular linear combination [3] of U(1) ψ and U(1) χ with mixing angle α = − tan
. However, with two U (1) gauge factors, kinetic mixing [16] must be considered, a complication which is absent in a left-right model.] The resulting 6 × 6 neutrino mass matrix is
where m D and m N are themselves 3 × 3 matrices. Thus the usual neutrinos acquire small Majorana masses through the canonical seesaw mechanism [12] without any problem. In other gauge extensions, this mechanism is often not available [11] .
The SU(2) R × U (1) [17] .
Consider now the R = −1 neutral fermion sector, i.e. ξ 
terms of the superpotential as well as the gauge interaction terms together with the soft supersymmetry-breaking Majorana mass terms m L , m R , m B of the gauge fermions. The resulting 12 × 12 mass matrix is
where
The gauge couplings g L , g R , and g B are related to the electromagnetic coupling e by
Assuming that g L = g R , we then have
where θ W is the usual electroweak mixing angle. 
If f k3i are small enough, say less than m ee c /v 2 , then S 1,2 may indeed be light enough to be considered as sterile neutrinos. Note that under the standard
We now have 5 light neutrinos, the usual ones ν e , ν µ , ν τ with R = +1, and the sterile ones S 1,2 with R = −1. Since R parity is still strictly conserved, they do not mix. Hence S 1,2
would not be a factor in considering the phenomenology of neutrino oscillations. However, as a discrete symmetry, R parity may be broken by soft terms [18] without affecting other essential properties of the unbroken theory. Remarkably, exactly such a soft term is allowed
Hence the 3 × 2 matrix linking ν e , ν µ , ν τ with S 1,2 is given by
and we have a general theoretical framework for considering 3 active and 2 sterile neutrinos.
Of course, further assumptions would be necessary to obtain a desirable pattern to explain the present observations of neutrino oscillations [19, 20, 21] .
Given that S 1,2 are light, the fact that they are connected to e 
It was pointed out a long time ago [22] thath c exchange would then contribute significantly to the rare decay K + → π + νν. As it happens, the first measurement [23] of this branching fraction, i.e.
B(K
is in fact somewhat larger than the standard-model expectation [24] , (0.82 ± 0.32) × 10 −10 .
If that is the correct interpretation, then using the results of Ref. [22] , another prediction of
which is of order 10 5 . Hence the branching fraction of b → sνν should be about 10 −5 , which is several orders of magnitude above the standard-model expectation.
Whereas the 2 light sterile neutrinos S 1,2 do not have standard-model interactions, they do transform nontrivially under SU(2) R × U(1). Hence they must interact with the new heavy gauge bosons W ± R and
where x ≡ sin 2 θ W . Consequently, there are several essential features of this model involving
(A) The fundamental weak decay µ − → e − ν µνe is now supplemented with µ − → e − S iSj from W ± R exchange. The latter is constrained by present data [25] through the limit
where S e = U e1 S 1 +U e2 S 2 +U e3 S 3 , etc. and the matrix U has been assumed real for simplicity.
(B) The flavor-changing decay µ → eee gets tree-level contributions from Eq. (7) and ν i . Whereas the latter is totally negligible because it is proportional to neutrino masssquared differences, the former is important because the mass of S 3 is comparable to m W R but S 1,2 are essentially massless.
The largest exotic contribution to µ → eee actually comes from the effective Zµē vertex.
The reason is that in this model,
hence a new vertex ZW
L of the standard model. The calculation of the one-loop Zµē vertex is similar to that of Zds [26] in the standard model.
Hence this vertex is not suppressed at all, and its contribution to the µ → eee decay amplitude is proportional to 1/m 2 Z , so it is much larger than that of the box diagram from W ± R and S i exchange, which is proportional to 1/m
Connecting the Zµē vertex with the standard-model Zeē vertex, the decay branching fraction of µ → eee is then given by
Since the present experimental upper limit [25] of this is 1.0 × 10 −12 , the following constraint is obtained:
where the v 
where the function F is given by [27] F (r 3 ) = r 3 (−1 + 5r 3 + 2r 
Using the most recent experimental upper bound [28] 
Since S 1,2 are light and undetected, this mimics the ordinary semileptonic decay of a heavy quark, but without any nonleptonic component.
In conclusion, the skew E 6 left-right model proposed many years ago [6] , favored [11] by recent atomic physics [9] and Z resonance [10] data, has been shown to be a natural framework for 3 active and 2 sterile light neutrinos. The constraints from low-energy data, as given by Eqs. (20), (25) , and (28) 
